Structural carbohydrates in plants are hard to digest by the animals that eat them, and they hamper digestion of the content of the plant cells. The efficiency of digestion by herbivores is, therefore, closely related to both the retention time of the food in the digestive tract and the proportion of cell walls in the food. This study examined food digestion by free-living barnacle geese Branta leucopsis in relation to food quality and retention time. At the range of short winter days (8 h light) to continuous light in the Arctic breeding area, the geese increased the food retention time 2-4-fold. Low throughput rates in summer resulted in enhanced digestion of the food. The organic matter digestibility of graminoids, corrected for differences in protein content, was 37% in winter, and 56% in summer. Enhanced digestion allowed the geese to extend their food spectrum by exploiting mosses (bryophytes), which are, at least temporarily, the only plants available in the summer range. The disadvantage of prolonged food retention time is the concurrent decrease of the amount of food that can be processed per time unit. The digestion pattern in the successive periods of the year can be regarded as an adaptation to differences in energy needs, and to differences in the selective force acting on the geese to minimize feeding time.
Introduction
The amount of energy that herbivores derive from their food is a resultant of the content of potentially digestible components and the digestion rate of the food, in the time frame that the food remains in the gastrointestinal tract (the retention time) (Demment and Van Soest 1985) . Cell walls in the plant food hamper digestion because they are largely composed of ß-1,4 polysaccharides, like cellulose and hemicellulose. These components can only be degraded by microbial fermentation (Hungate 1966) in the stomach, ileum, colon or the caeca (McBee 1977) . Since this is a time consuming process, herbivores with long retention times digest their food best (Demment and Van Soest 1985) . To compensate for limited digestive capabilities, animals that retain food for a short period have to select high quality food (i.e. plants containing a high proportion of easily metabolizable components as protein and soluble carbohydrates) (Karasov 1990) . Geese are herbivores possessing well-developed caeca with a prolific microbe life (Mattocks 1971) . However, high rates of food passage through the alimentary tract preclude microbial degradation of cell walls. Typically, geese feed on high quality food (Owen 1980a) , foraging almost uninterruptedly to meet their daily energy requirements -especially in winter when days are short (Ebbinge, Canters and Drent 1975, Summers and Grieve 1982) . In summer, barnacle geese Branta leucopsis appear to retain their food for substantially longer periods than in winter (Ebbinge and Ebbinge-Dallmeijer 1976, Prop et al. 1980) . In this paper, we explore the effect of the longer retention times on the digestibility of the goose foods. We will show that barnacle geese increase the retention time of the food in the alimentary tract as the daylight period lengthens, thereby enhancing digestion of cell walls. The implications of the adjustable retention times on the spectrum of food types that the geese exploit are examined.
Methods
The seasonal periods Data on food digestion by barnacle geese were collected in the following periods (see also Fig. 1 ):
• During autumn (October) and winter (January and February) on Schiermonnnikoog,
The Netherlands (53º30'N 6º15'E), when geese of the Russian population graze on dairy farmland. • During the early spring staging period (April), also on Schiermonnikoog, after they have shifted to feed on the salt marshes (Prins and Ydenberg 1985) . • During the late spring staging period (May), on Laanan, in Helgeland, Norway (65º50'N 11º50'E), where the Spitsbergen population resides on its way from Scotland to the breeding grounds (Owen and Gullestad 1984) . • During the pre-breeding period (end of May), on the breeding grounds on the higharctic archipelago of Spitsbergen (77º50'N 13º45'E). • During the incubation period on Spitsbergen (June through mid-July);
• During the moulting period on Spitsbergen (July and August), which extends from the hatching of the goslings to completion of moult of the primaries. • During the pre-migratory period (end of August through half of September), when the geese are still on Spitsbergen.
Collection of food and droppings
To assess the diet of the geese, samples of at least 20 fresh droppings were collected regularly. The dry mass of the samples was determined, and all droppings were examined by microscope, and grouped by food type. On the feeding grounds, samples of food plants were picked by hand. Droppings and food samples were dried at 50ºC, and ground to pass a 1 mm sieve. To obtain sufficient material for subsequent chemical analyses samples of the same food species in one year were generally pooled per seasonal period.
Retention time (a) Seasonal averages based on digesta flow rate. The retention time of the food in the alimentary tract can be calculated as the gut volume divided by the digesta flow rate (Owen 1975 , Sibly 1981 . For each seasonal period we approximated the retention time (T) by the geese as 
where LDT= length of the digestive tract (cm), LD= length of a dropping (cm), I= dropping interval (min). Intervals between consecutive droppings of individual geese were timed, both during foraging spells, and during non-active bouts (loafing periods, see below). The length of droppings was measured to the nearest 0.2 cm. We compiled data on the length of the digestive tract (from gizzard through colon) from various unpublished (student) reports. Data were available for autumn (x=175 cm, n=10), winter (x=171, n=5), and early spring (x=180, n=5). The averages did not differ significantly (F 2,17 =0.63, P>0.05), and all values were pooled to obtain one estimate for all seasonal periods (x=175 cm). In birds, the length of the intestines may increase during periods of hyperphagia (Karasov 1990) . Whether this occurs in Barnacle Geese is unknown. In other goose species, the extension of the intestines during the spring fattening period is 18% (lesser snow geese Anser caerulescens; Ankney 1977b), or 4% (brent geese Branta bernicla; Ankney 1984). Such changes are small compared to variation in dropping intervals (see Results, Table 3 ), and would not affect any of the trends reported.
(b) For individual droppings, based on the time elapsed since the ingestion of the food. The short, distinct feeding bouts of geese foraging on mosses during the incubation period (Prop, Van Eerden and Drent 1984) allowed us to determine the retention time for individual droppings. Ringed geese were followed throughout the day, both at the nest site and during feeding recesses. Whenever possible, droppings produced were recovered. For each dropping, the period that the ingesta had remained in the digestive tract was calculated as the interval between ejection and the preceding feeding bout. To avoid coupling a dropping with the wrong bout, only droppings produced after the first two feeding spells were used. The individual droppings -all containing the remains of mosses -were grouped in different retention time classes for subsequent chemical analysis.
Time budgets
Time budgets of the geese were registered in all periods of the year as outlined in Prop et al. (1980) . Separately, the duration of feeding interruptions when geese were sitting for a while (loafing periods) were recorded.
Chemical analyses and calculations
The chemical analyses of food and droppings comprised cell wall components (neutral detergent fibre NDF, acid detergent fibre ADF and lignin; Goering and Van Soest 1970), total nitrogen (Kjeldahl), (crude) fat (ether extract), and ash (Fig. 2) . The potential digestibility of the cell walls was determined by an in vitro procedure (Van Soest, Wine and Moore 1966), whereby samples were incubated with rumen fluid from a hay-fed cow for 6 hours. This period was chosen on the basis of trials with different incubation times (Table 1) , and appeared most appropriate to simulate the intensity of degradation of cell walls by geese in vivo. Droppings contain matter of faecal origin and the urinary (waste) products. To distinguish between both, the content of urinary compounds in the droppings was determined following Terpstra and De Hart (1974) . The organic matter of faecal origin in the Chapter 2 18     droppings was calculated as the reciprocal value of the urinary compounds. Hemicellulose was derived from the difference between NDF and ADF, and the cell content from the reciprocal value of NDF (Van Soest 1982, p.82) . Crude protein (hereafter simply called protein) in the food was calculated as 6.25 x total nitrogen, and in the faeces as 6.25 x (total nitrogen -urinary nitrogen). Soluble carbohydrates were estimated as the remaining fraction in the cell content after subtraction of protein and fat. All contents are expressed on basis of organic matter (ash-free dry wt). The digestibility of component C (Dc) was calculated as where CF c = concentration of component C in the food (%), CD c = concentration of C in the droppings (%), R = the ratio of the concentration of an internal marker in the food and droppings. The components that were examined include organic matter, protein, cell content, soluble carbohydrates, fat, hemicellulose and ADF. In waterfowl studies various constituents of the cell walls have been used as internal markers to estimate the digestibility of the food. In winter, ADF or crude fibre are reliable markers (Drent, Ebbinge and Weijand 1980, Summers and Grieve 1982) . But, whenever digestion of cellulose is suspected, lignin is a better marker since it is most resistant to degradation (Van Soest 1982, Buchsbaum, Wilson and Valiela 1986) . Recovery of lignin in the faeces may be incomplete due to, for instance, failure to recover finely divided lignin in the faeces (Van Soest 1982) . This appeared to be a minor problem in barnacle geese, as in 2 digestion trials (Van Marken Lichtenbelt 1981) during which 12% of the ADF was digested, nearly all of the lignin (97%) was recovered in the faeces. On this basis, lignin was chosen as an internal marker. 
The metabolizable energy of component C (ME c , kJ g -1 ) was calculated as
where J c = energetic value of component C. The physiological energy contents of protein (17.8 kJ g -1 ), carbohydrates (17.6 kJ g -1 ), and fat (39.3 kJ g -1 ) were derived from Schmidt-Nielsen (1975) . The value of cell walls (13.2 kJ g -1 ) was based on Hungate (1966, p.270) , which accounts for losses inherent to the fermentation by microbes. The metabolizable energy of the food (ME) was obtained by summing the ME c values of protein, soluble carbohydrates, fat and cell walls. The digestibility of the organic matter (or utilization efficiency) was corrected for the urinary compounds in the droppings, but other metabolic waste products may also occur in the faeces, such as intestinal microbes (Parsons et al. 1982) , sloughed-off cells and secretions of the alimentary tract (Van Soest 1982, p.40) . This leads to a negligible underestimate of the true digestibility (Karasov 1990) .
Statistical methods
Differences in the organic matter digestibility were evaluated by analysis of covariance using protein or fibre as covariate. One-way analysis of variance was used to determine differences in dropping length, dropping interval, and digestibility of plant components. When the distribution of a variable deviated from normality or when group variances were heterogeneous, statistical analysis was preceded by a transformation of the data as indicated in the text (following Snedecor and Cochran 1967).
Results

Seasonal variation in the chemical composition of the food plants
The chemical composition of the food of barnacle geese differed widely throughout the year (Table 2) . This was partly caused by seasonal variation in the composition of the main food category (the graminoids) but most variation was brought about by the diversity in the type of food ingested. Besides graminoids, mosses (bryophytes) played an important role in the food of barnacle geese during the summer; on arrival on the breeding grounds mosses were virtually the only food available. During the incubation period the shrub Salix polaris, horsetail Equisetum variegatum and a variety of forbs were often selected. During the moult the forbs continued to be prevalent in the diet. During the pre-migratory period at the end of the summer Equisetum variegatum was important again. Graminoids were characterized by high protein levels, intermediate levels of cell content, and were low in lignin. The proportion of protein was somewhat lower in graminoids taken on the breeding grounds (mainly Dupontia fisheri, Carex subspathacea and Festuca rubra ) than in the winter grasses. But the grasses that were eaten by the geese near well-fertilized sea-bird cliffs (in September) were high in protein. Mosses were generally low in protein content (around 6% in xerophilous species as Drepanocladus spp., but in the hydrophilic Calliergon spp. sometimes amounting to 20%). In addition, the proportion of cell walls in mosses was high, partly due to a high lignin content. Forbs had only moderate protein levels, a high lignin content, and a high cell content. The buds were the only parts of Salix that were ingested by geese, and these were both high in protein and in cell content. Equisetum was intermediate in protein, high in cell content, and low in lignin.
Retention time and the digestion of plant constituents
The size of the droppings did not differ between seasonal periods (Table 3) , and the overall average (x=5.5 cm) was used in the calculation of the seasonal retention time. The dropping intervals, and therewith the inferred food retention time, varied widely between the periods of the year (Table 3 ).
The digestion of the cell content differed between periods (Table 4 , grass diets only), ranging from 57% in winter to 75% during incubation and moult. The digestion of the cell wall components appeared even more variable, both for hemicellulose (ranging from 20 to 47%) and ADF (ranging from 0 to 26%). In particular, the digestion of ADF is of interest since it is known to be a poorly degradable component in plants (Van Soest 1982, p.80) . The digestibility of ADF appeared to be closely correlated with the retention time (Fig. 3) .
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Retention time and food quality affecting organic matter digestion
Both the duration of the retention time, and the chemical composition of the food can affect the organic matter digestibility. To discriminate between these, we compared digestion efficiency in relation to the protein content of graminoids in seasons with short (winter-spring) and long (summer) retention times. In both seasons, organic matter digestibility was positively related to the protein content in the food (Fig. 4A) . But, for a given food composition, the digestibility was higher in summer than in winterspring (ANCOVA, F 1,21 =96.6, P<0.005). The disparity in digestibility might have been caused by a difference in chemical properties between summer and winter-spring graminoids, other than the protein effect (see Deinum et al. 1981 ). However, the potential cell wall digestibility was even higher in graminoids collected in winter-spring than in those from the summer range (Table 2) . On this basis, a low organic matter digestibility for the summer graminoids would be expected. We conclude, therefore, that the enhanced digestion in summer is indeed due to the prolonged retention time.
The organic matter digestibility of Equisetum variegatum was similar to that of graminoids (Fig. 4A) . The digestibility of Salix polaris buds was much lower. Possibly tannins impaired the digestion of the cell content in this species, as occurs usually in shrub leaves including several Salix species (Robbins et al. 1987) . Mosses that were ingested in summer also had a lower organic matter digestibility than could be expected on basis of their protein content, and this was probably caused by the highly lignified cell walls (see Table 2 ).
Retention time affecting the amount of food digested
The time that food is retained in the alimentary tract affects the digestibility (see above) and the amount of food processed (Sibly 1981). The (optimal) retention time that maximizes the amount of food digested per time unit can be calculated in analogy to Sibly and Calow (1986) .
The digestive capacity (DC, i.e. the amount of food processed per time unit, g h -1 ) can be calculated as follows:
where M= the mass in the digestive tract (g), and T= the retention time (h).
The net rate of digesting food (g h -1 )= DC × D(T), where D(T)= the proportion of the food digested as a function of the retention time T. This relationship is given in Fig. 5 for graminoids (based on data in Table 3 and 4, after correction for the deviation from the average protein content in the food (Fig. 4A and Table 2 )), and for mosses (based on samples of individual droppings, see methods).
Combining the above gives The net rate of digesting food (g h -1 ):
An estimate of the optimal retention time can be derived from Fig. 5 by drawing a tangent from the origin to the curve. The amount of graminoids digested per time unit appeared to be largest when the food was retained for short periods (c. 2 h). Mosses required much longer retention times (c. 4 h) to optimize the digestive process. The shorter retention times probably occurred when the geese shifted to other, high quality foods which suddenly had become available from snow-cover.
Digestion compared between geese in the wild and in controlled trials
The digestibility of organic matter was inversely related to the ADF content in the food (Fig. 4B) . For comparison, we also plotted data on digestibility of graminoids and legumes by geese from the literature. Only total collection trials (measuring mass of food ingested and droppings produced) were included, since these experiments assess the digestibility of organic matter most directly, and are therefore probably the most accurate. Whenever necessary (as indicated in the legend of Fig. 4B ), the reported digestibilities were corrected for metabolic wastes in the droppings by assuming that the droppings contained 8.2% urinary compounds (average value in this study). The digestion by barnacle geese in winter-spring appeared to be similar to the digestion by geese in the listed feeding trials (ANCOVA, F 1,19 =0.02, P=0.89). But during the periods when barnacle geese retained their food for prolonged periods (the summer, during incubation and moult), the digestibilities exceeded the values reported in literature (ANCOVA, F 1,19 =62.2, P<0.0005).
Discussion
Food quality in winter and summer Geese are generally classified as foragers that retain food for a short time in their alimentary tract, and hence digest the ingesta only superficially (Owen 1980a , Sibly 1981 . It has been argued that this forces the geese to select high quality plants (Owen 1972) . This view is in agreement with a model of Demment and Van Soest (1985) , which states that in small animals, like geese, the limited digestive volume dictates rapid throughput rates of high quality food in order to obtain sufficient energy. The typology of geese as selectors of high quality food is based on winter data, when the geese benefit from the rich (agricultural) resources typical of the temperate and subtropical regions (Owen 1980b) . But in summer the food is scarce (Prop et al. 1984) , and barnacle geese appear to feed on plants of depressed quality in an attempt to meet daily requirements. Barnacle geese share the utilization of low quality food with other Arctic-breeding goose species (light-bellied brent goose Branta bernicla hrota (Madsen, Bregnballe and Mehlum 1989) , dark-bellied brent goose Branta bernicla bernicla (unpublished, B. Spaans), Pacific brent goose Branta bernicla nigricans (Derksen, Eldridge and Weller 1982) , cackling Canada goose Branta canadensis minima (Sedinger and Raveling 1984) , Greenland white-fronted goose Anser albifrons flavirostris (Madsen and Fox 1981) , Spitsbergen pink-footed goose Anser brachyrhynchus (unpublished, J.P.)). Indeed, even greylag geese Anser anser in the Netherlands feed in the summer on poor quality plants (Loonen, Zijlstra and Van Eerden 1991) .
Cell wall digestion in geese
Whether geese can benefit from low quality food, depends on their ability to digest plant cell walls. Mattocks (1971) failed to find cellulolytic bacteria in the intestines of the domestic goose; therefore he concluded that geese have limited capability for digesting structural carbohydrates. He was, however, aware of the crude design of his tests and included a word of caution with his findings. Vulink (1980) , with more refined techniques, demonstrated the presence of bacteria in the caeca and colon of domestic and white-fronted geese which were capable of fermenting hemicellulose and cellulose. Digestion trials with geese confirmed the activity of cellulolytic bacteria in vivo, as cell Barnacle goose ingesting mosses. walls were partly degraded during the passage through the alimentary tract (Drent et al. 1980 , Buchsbaum et al. 1986 ). This study shows that the digestion of cell walls (ADF) is correlated with the retention time of the food (Fig. 3) . Evidence for the causal link between both is obtained by comparing the results presented with data on digestion in captive geese. In studies carried out in spring with brent geese (Prins, Cline-Theil and Van 't Klooster 1981) and barnacle geese (Prop et al. 2004 ) prolonged food retention times were invoked by artificial lengthening of the day light period. These experiments revealed a relationship between the digestibility of ADF and the retention time which is similar to that observed in wild geese (Fig. 3) .
We suggest that bacteria, capable of cellulose and hemicellulose fermentation, are present in the caeca of geese throughout the year, but spread through the intestines by peristaltic and antiperistaltic movements (Clemens, Stevens and Southworth 1975) only when passage rates of the food through the digestive tract are low. The long retention times in the summer months (Table 3) are sufficient, indeed, to allow cellulose fermentation (compare retention times given by Van Soest 1982, p.212) .
During winter and spring, the digestion by barnacle geese does not differ from those of other goose species (Fig. 4B ). The ability of barnacle geese to enhance digestion in other periods of the year is probably not unique to this species. We suppose that other geese are able to lower the throughput rate of their food as well, to benefit from an intensified degradation of the food. The high digestibilities found by Buchsbaum et al. (1986) in two out of four assessments with brent and Canada geese (for comparison entered in Fig. 4B ) point into this direction.
The digestive system throughout the year Barnacle geese experience considerable variation in daylength throughout the year, ranging from 8 h in the winter to continuous light in the Arctic summer. They are mainly diurnal, and benefit from longer daylight in two ways: (1) by spending more time feeding, and (2) by investing more time in the digestion of the food (prolonging the retention time of the ingesta in the alimentary tract, see Table 3 ). The relationship between the organic matter digestibility and the retention time (Fig. 5 ) plays a key-role in understanding which factors determine the choice for one or the other of these strategies.
When barnacle geese prolong the retention time they are able to increase the organic matter digestibility up to 56% (Fig. 5 ). But prolonged retention times have a cost, since they are inversely proportional to the amount of food that can be processed per time unit (the digestive capacity) (Sibly 1981). A decrease in this rate forces the geese to lower the average food ingestion rate concomitantly. This is achieved by interrupting feeding with loafing spells, which allows the food to pass through the alimentary tract, the longer retention times coinciding with longer loafing periods (Table 3 ). In this way the daily feeding time is largely affected by the throughput rate of the food.
In energetic terms, the enhanced digestion of graminoids which results from retention times of longer than 2 h does not outweigh the cost of the decline in the digestive capacity (Fig. 5) . A maximal amount of food is digested at short retention times. We propose three reasons to explain why long retention times have evolved in geese.
(a) A simple maximization of the daily metabolized energy is not necessarily the ultimate goal in summer. Rather, it may be selectively advantageous to minimize the time spent feeding, since (i) during incubation frequent recesses to feed are penalized by higher risk to lose the clutch (Prop et al. 1984) ; (ii) geese need considerable time to move between feeding stations, especially during the moult (Prop et al. 1984) ; (iii) geese are most vulnerable to predation during feeding activities (unpublished, J.P.). In this respect, prolonged retention times combine the benefits of enhanced digestion, and of enabling time for other activities than feeding.
(b) Prolonged food retention times during incubation might enhance water absorption in the colon (Ziswiler and Farner 1972) . This could be advantageous since geese at the nest site usually have limited access to water.
(c) Prolonged retention times enable geese to utilize low quality plants (such as mosses), since long retention times are required for the digestion of these plants (Fig. 5 ). Mosses are taken during spring staging (in May) in small amounts, and on the breeding grounds they predominate temporarily in the diet (Table 2) . Mosses are among the most common and widespread plants in the Arctic (Bliss 1981), and unlike graminoids they are available to the geese throughout the summer. This implies that mosses are an essential source of energy for the geese, which may help them to survive when other food plants are scarce, or not available at all. Mosses might supply the geese with specific nutrients as well (Prins 1982) . We suggest that the enhanced digestive capability gained by long retention times coupled with the abundance of mosses in the summer range explain the preponderance of these plants in the diet of barnacle geese and other goose species. The contention by Kerbes, Kotanen and Jefferies (1990) that in Arctic environments grazing by geese themselves leads to pure stands of mosses is intriguing in this respect.
In sum, the functioning of the digestive system of the geese is not totally predetermined by their body size, as Demment and Van Soest (1985) predict. Geese have a flexible digestive system, which enables them to adapt the digestion process to their energy needs and to environmental conditions.
